Lysine 63 (K63)-linked ubiquitination of RIG-I plays a critical role in the activation of type I interferon pathway, yet the molecular mechanism responsible for its deubiquitination is still poorly understood. Here we report that the deubiquitination enzyme ubiquitin-specific protease 3 (USP3) negatively regulates the activation of type I interferon signaling by targeting RIG-I. Knockdown of USP3 specifically enhanced K63-linked ubiquitination of RIG-I, upregulated the phosphorylation of IRF3 and augmented the production of type I interferon cytokines and antiviral immunity. We further show that there is no interaction between USP3 and RIG-I-like receptors (RLRs) in unstimulated or uninfected cells, but upon viral infection or ligand stimulation, USP3 binds to the caspase activation recruitment domain of RLRs and then cleaves polyubiquitin chains through cooperation of its zinc-finger Ub-binding domain and USP catalytic domains. Mutation analysis reveals that binding of USP3 to polyubiquitin chains on RIG-I is a prerequisite step for its cleavage of polyubiquitin chains. Our findings identify a previously unrecognized role of USP3 in RIG-I activation and provide insights into the mechanisms by which USP3 inhibits RIG-I signaling and antiviral immunity.
Introduction
The innate immune system serves as the first line of defense against invading viruses by sensing pathogenassociated molecular patterns (PAMPs). Viral RNA and DNA can be recognized by a variety of pattern recognition receptors (PRRs), including Toll-like receptors (TLRs), Nod-like receptors (NLRs), RIG-I-like receptors (RLRs) and several additional sensors of DNA [1] [2] [3] . TLR3, TLR7, TLR8 and TLR9 are important sensors that detect viral DNA or RNA in the endosome and trigger TIR domain-containing adaptor-inducing interferon (IFN)-beta (TRIF)-and MYD88-mediated signaling pathways [1, 3] . By contrast, RIG-I and MDA5 (melanoma differentiation-associated gene 5) function as cytoplasmic RNA sensors and recruit the mitochondrial protein called MAVS (mitochondrial antiviral signaling, also known as VISA, IPS-1 or Cardif) after stimulation [1, 2] . Recent studies show that RNA polymerase III can serve as an intracellular viral DNA sensor by transcribing viral AT-rich double-strand DNA into double-strand RNA (dsRNA), which in turn stimulates RIG-I and initiates the MAVS-dependent signaling cascade [4, 5] . Furthermore, DAI (DNA-dependent activator of IFN-regulatory factors), AIM2 (absent in melanoma 2), IFI16 (IFN-gamma inducible protein 16) and DDX41 (DEAD (Asp-Glu-AlaAsp) box protein 41) function as cytosolic DNA sensors and recruit stimulator of IFN genes (STING) to activate the type I IFN signaling pathway [6] [7] [8] [9] [10] .
Upon PAMP stimulation, these PRRs trigger the activation of NF-κB, type I IFN and inflammasome signal-ing pathways, leading to production of proinflammatory cytokines. Although type I IFN is critically required for viral clearance, aberrant type I IFN production (including IFN-α and IFN-β) can play a role in immunopathology and autoimmune disorders [11] . Thus, tight regulation of type I IFN signaling is critical to maintain homeostasis of both innate and adaptive immunity [12, 13] . Ubiquitination is an important post-translational modification that plays a critical role in the positive or negative regulation of innate immune signaling pathways [14] . MDA5 shares with RIG-I the same domain architecture and contains two N-terminal tandem caspase activation recruitment domains (CARDs) for binding to MAVS, a central DExD/H motif helicase domain responsible for RNA-dependent ATP hydrolysis and a C-terminal domain (CTD) for dsRNA binding [2] . While RIG-I recognizes dsRNA ends containing 5′ppp and displays a strong preference for shorter (< 1-2 kb) dsRNA, MDA5 recognizes longer (> 2 kb) dsRNA through filament formation along dsRNA [15, 16] . Recent structural analysis shows that RIG-I is autorepressed in the absence of viral RNAs through intramolecular interactions between CARD and CTD [17] [18] [19] . Recognition or binding of viral dsRNA ligand by the CTD of RIG-I releases the CARDs from CTD repression, which interacts with MAVS to stimulate the downstream signaling pathway; however, activation of RIG-I requires both RNA binding and K63-linked polyubiquitin chains [20] . Remarkably, the unanchored K63-linked polyubiquitin chains can potently activate RIG-I and promote the conformational changes or aggregates of MAVS for the subsequent activation of downstream signaling [2, 17, 20] . Several E3 ubiquitin ligases, including TRIM25 and Riplet/RNF135/REUL, have been identified to mediate the K63-linked ubiquitination of RIG-I [21, 22] . However, very little is known about proteins that are responsible for removing polyubiquitin chains of RLRs to dampen a robust immune response.
The deubiquitination enzyme ubiquitin-specific protease 3 (USP3) has been identified as a chromatin modifier to maintain the genome integrity [23] , but its involvement in innate immune signaling is not clear. Here we report that USP3 functions as a negative regulator of the type I IFN signaling pathway by removing polyubiquitin chains of RIG-I. USP3 specifically binds to RIG-I through K63-linked polyubiquitin chains and removes them. Knockdown of USP3 markedly enhances RLRmediated, but not TLR-or DNA sensor-mediated, type I IFN responses. Our findings identify previously unrecognized role of USP3 in the control of innate immune signaling by deubiquitinating K63-linked polyubiquitin chains on RIG-I, thus negatively regulating RLR-mediated innate immune response.
Results

USP3 negatively regulates type I IFN signaling
To identify the possible deubiquitinase (DUB) that control type I IFN signaling in antiviral immunity, we transfected HEK293T (human embryonic kidney 293T) cells with an active form of RIG-I (RIG-I (N)), an IFN-β luciferase reporter and an internal control renilla TK luciferase, as well as one of 81 candidate genes encoding DUBs (including USPs 1-54, ubiquitin C-terminal hydrolases, Otubain proteases, Machado-Joseph disease domain proteases and JAMM domain proteases). Among them, we identified USP3 as a potent negative regulator of type I IFN signaling (Supplementary information, Figure S1A ). To determine whether USP3 can inhibit type I IFN signaling activated by RLR ligands or virus infection, we treated the USP3-transfected cells with intracellular low molecular weight (LMW) poly(I:C) (a ligand for RIG-I), intracellular high molecular weight (HMW) poly(I:C) (a ligand for MDA5), poly(dA:dT) or infected with vesicular stomatitis virus tagged with enhanced green fluorescent protein (VSV-eGFP), and showed that USP3 markedly inhibited the activities of the IFN-β luciferase reporter induced by different intracellular stimuli ( Figure 1A ). Since IFN-β activation requires the coordinated signaling from both IRF3-and NF-κB-mediated pathways, we used an IFN-stimulated response element (ISRE) luciferase reporter (which requires IRF3-mediated signaling only) and NF-κB luciferase reporter, separately, to determine whether the inhibition of IFN-β activation by USP3 requires the participation of NF-κB signaling. We found that USP3 markedly inhibited ISREluc activation induced by all the stimuli ( Figure 1B ), but moderately inhibited NF-κB-luc activation (Supplementary information, Figure S1B ), suggesting that USP3 directly and predominantly inhibits IFN-β signaling. To further determine whether USP3 inhibits type I IFN pathway, we assessed the phosphorylation of IRF3 in 293T cells expressing Myc-USP3 or native USP3 after treatment with intracellular LMW and HMW ploy(I:C), poly(dA:dT) or infected with VSV-eGFP, and found that both Myc-tagged or untagged USP3 showed similar inhibitory effects on ISRE activity (Supplementary information, Figure S1C ). More importantly, Myc-USP3 markedly inhibited the phosphorylation of endogenous IRF3 induced by different stimuli ( Figure 1C ). However, ectopic expression of USP3 could not inhibit extracellular poly(I:C)-induced TLR3-mediated IFN-β or ISRE activation (Supplementary information, Figure S1D -S1E), suggesting that USP3 may specifically affect key molecules such as RIG-I and MDA5 upstream of type I IFN signaling. Luciferase activity in 293T cells transfected with plasmid encoding a luciferase reporter for IFN-β (IFN-β-luc) (A) or ISRE (ISRE-luc; 100 ng each) (B), together with empty vector (no wedge) or an expression vector for USP3 (0, 200 and 400 ng; wedge), followed by no treatment or treatment with intracellular (IC) low molecular weight (LMW) poly(I:C) (1 µg/ml), IC high molecular weight (HMW) poly(I:C) (1 µg/ml), poly(dA:dT) (1 µg/ml) or VSV-eGFP (MOI = 0.1). Data are presented relative to Renilla luciferase activity. (C) Immunoblot analysis of total and phosphorylated (p-) IRF3 in 293T cells transfected with empty vector or Myc-tagged USP3, followed by the same treatment set as in A. (D) Phase-contrast (PH) and fluorescence microscopy analyses of 293T cells transfected with empty vector (EV) or an expression vector of USP3, and then infected with VSV-eGFP at an MOI of 0.01 at the indicated time. Original magnification, ×10. Data in A, B are presented as the means ± SD of three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001, versus cells with the same treatment without USP3 expression (Student's t-test).
To establish a link between reduced type I IFN response mediated by USP3 and antiviral immunity, we cotransfected expression vector of USP3 or empty vector into 293T cells, then infected the cells with VSV-eGFP (multiplicities of infection (MOI) = 0.01), and monitored viral infection based on GFP expression. Overexpression of USP3 rendered the cells more susceptible to viral infection and resulted in considerably more GFP+ (virusinfected) cells than transfection with empty vector at different times ( Figure 1D ). Flow cytometry analysis revealed that 30.6% of cells were infected (GFP+) in cells transfected with empty vector, compared to 87.6% of GFP+ cells in cells transfected with USP3 24 h post infection (Supplementary information, Figure S1F ). These results suggested that ectopic expression of USP3 inhibits type I IFN response and thus attenuates antiviral immunity.
Knockdown of USP3 enhances RLR-mediated antiviral responses
To determine whether specific knockdown of endogenous USP3 would increase antiviral responses under physiological conditions, we selected three USP3-specific lentivirus-based short hairpin RNA (shRNA) con- Figure 2A and Supplementary information, Figure S2A ). We next tested the effect of USP3 knockdown on the phosphorylation of transcription factor IRF3. As shown in Figure 2B and Supplementary information, Figure S2B -S2C, the phosphorylation of IRF3 (p-IRF3) in the USP3-knockdown cells was at least 3-fold higher than that in the control shRNA-transfected cells from 6 to 8 h after intracellular poly(I:C) (LMW or HMW), poly(dA:dT) treatment or the VSV infection, although the total amounts of IRF3 proteins were comparable between USP3-knockdown and control cells. The similar results were obtained when cells were transfected with another USP3 shRNA for knockdown of endogenous USP3 (Supplementary information, Figure S2B ). Collectively, these results suggest that specific knockdown of USP3 strongly enhances the phosphorylation of IRF3 after ligand stimulation or viral infection in 293T cells. We next sought to determine whether the enhanced IRF3 phosphorylation by USP3 knockdown promotes type I IFN activation and type I IFN-dependent gene expression. Using the ISRE and NF-κB luciferase reporter assay, we showed that knockdown of USP3 markedly increased the ISRE-luc and NF-κB-luc activity induced by intracellular poly(I:C) (LMW or HMW), poly(dA:dT) or infection with VSV-eGFP in 293T cells ( Figure 2C and Supplementary information, Figure S2D ). Consistent with this observation, knockdown of USP3 resulted in markedly increased mRNA abundance of IFN-β or IFNstimulated cytokines, such as IFIT2 and CCL5 ( Figure  2D ). To substantiate these findings, we found that like its human homolog, knockdown of mUSP3 also increased mRNA abundance of IFN-β and IFIT2 in mouse macrophage cell line (RAW264.7) by intracellular poly(I:C) treatment or VSV-eGFP infection (Supplementary information, Figure S2H ). To further demonstrate the effects of USP3 knockdown on the secretion of IFN-β proteins, we knocked down USP3 in 293T, THP-1 cells, human peripheral blood mononuclear cells (PBMCs) or RAW264.7 cells, and then treated the cells with intracellular poly(I:C) or infected the cells with VSV-eGFP. We found that both poly(I:C) treatment and VSV-eGFP infection resulted in much higher expression of IFN-β protein in cells transfected with USP3-specific siRNA (or shRNA) than those transfected with control siRNA ( Figure 2E and Supplementary information, Figure S2E -S2F, S2I). These results suggest that USP3 knockdown enhances IFN-β activation and the expression of IFNstimulating genes in both human and mouse cells. Interestingly, knockdown of USP3 in THP-1 cells did not affect the IFN-β secretion stimulated by Poly(dA:dT) or extracellular Poly(I:C) (a ligand for TLR3) treatment (Supplementary information, Figure S2G ), indicating that USP3 has no effect on TLR3-or DNA sensor-mediated type I IFN response.
To further determine whether the enhanced type I IFN response is correlated with antiviral immunity, we knocked down USP3 expression in 293T cells and then infected the cells with VSV-eGFP (MOI = 0.05). Knockdown of USP3 rendered the cells resistant to viral infection and resulted in considerably fewer GFP+ (virusinfected) cells than treatment with control siRNA from 16 to 24 h post infection ( Figure 2F ). Flow cytometry analysis revealed that 20% cells were infected (GFP+) in cells transfected with USP3-specific siRNA, compared to 53% of GFP+ cells in cells transfected with control siRNA 16 h post infection ( Figure 2G ). Knockdown of mUSP3 in RAW264.7 cells shows the similar pattern (Supplementary information, Figure S2J ). Taken together, these results suggest that USP3-specific knockdown markedly enhances the type I IFN response and antiviral immunity.
USP3 inhibits type I IFN signaling by targeting RIG-I and MDA5
As USP3 specifically inhibits type I IFN signaling, we next sought to determine whether USP3 directly modulates the function of RIG-I or MDA5. 293T cells were transfected with RIG-I or MDA5, together with increasing amounts of USP3 plus the ISRE luciferase reporter, and then treated with intracellular poly(I:C). We found that USP3 markedly inhibited RIG-I-or MDA5-mediated ISRE-luc activation after poly(I:C) stimulation ( Figure 3A ). However, in the absence of ligand stimulation, we observed only a weak activity of ISRE-luc, which was not affected by USP3 expression ( Figure 3A ), suggesting that USP3 inhibits the activated form of RIG-I and MDA5. To test this possibility, we generated Nterminal RIG-I (containing the CARD, RIG-I (N)) or Nterminal MDA5 (containing the CARD, MDA5 (N)) and then tested their ability to activate ISRE-luc reporter. We found that RIG-I (N) or MDA5 (N) could strongly activate ISRE-luc, but such an activity could be markedly inhibited by increasing amounts of USP3 ( Figure 3B ), suggesting that USP3 directly inhibits the function of the CARDs of RIG-I and MDA5.
To determine whether USP3 also affects the function of the downstream signaling proteins such as MAVS, STING, TBK1, IRF3 or TIRF, we transfected 293T cells with vectors for MAVS, TRIF, STING, TBK1, or IRF3, . Data in panels C-E are presented as the means ± SD of three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001, versus cells transfected with control siRNA (Student's t-test). 405 npg together with increasing amounts of USP3 plus the ISRE luciferase reporter. We found that USP3 failed to inhibit ISRE-luc activity induced by MAVS, STING, TBK1, IRF3 or TIRF ( Figure 3C and Supplementary information, Figure S3A -S3B). Similar results were obtained with IFN-β-luc reporter ( Figure 3D ). Consistent with these results, we found that knockdown of USP3 enhanced ISRE-luc or IFN-β-luc activity induced by RIG-I (N) and MDA5 (N) but not by MAVS, TBK1 or IRF3 ( Figure 3E and Supplementary information, Figure S3C ). Furthermore, overexpression of USP3 inhibited IRF3 phosphorylation induced by RIG-I (N) or MDA5 (N), but not by MAVS or IRF3, while knockdown of USP3 had the opposite effects ( Figure 3F and 3G and Supplementary information, Figure S3D ). Furthermore, unlike CYLD that inhibited type I IFN signaling activated by RIG-I and MAVS, USP3 inhibited type I IFN signaling induced by RIG-I but not by MAVS (Supplementary information, Figure S3E ). These results suggest that USP3 directly inhibits IRF3 phosphorylation and type I IFN signaling through RLRs.
USP3 interacts with RIG-I and MDA5 after ligand stimulation
As USP3 has been reported to be in the nucleus to modify the chromatin [23] , we examined whether USP3 can translocate to the cytoplasm when type I IFN signaling is activated. In cells co-transfected with GFP-USP3 and dsRed-RIG-I, USP3 was exclusively localized in the nucleus, while RIG-I was in the cytoplasm. However, after treatment with intracellular poly(I:C), some USP3 protein was translocated from the nucleus to the cytoplasm and co-localized with RIG-I (Supplementary information, Figure S4A ). We next sought to determine whether USP3 could directly interact with RIG-I or MDA5. To address this issue, we transfected 293T cells with Flag-tagged RIG-I together with Myc-tagged USP3 and then treated the cells with intracellular poly(I:C) (LMW or HMW). Coimmunoprecipitation and immunoblot analyses revealed that USP3 did not interact with RIG-I in unstimulated cells, but interacted with RIG-I after ligand stimulation, and the interaction peaked at 6 and 8 h after poly(I:C) (LMW) treatment (a ligand for RIG-I) ( Figure 4A) . Similarly, USP3 interacted with MDA5 but not RIG-I after poly(I:C) (HMW) treatment (a ligand for MDA5) ( Figure 4A and Supplementary information, Figure S4B ). By contrast, USP3 did not interact with any downstream signaling proteins, including MAVS, TBK1, IKKi, IRF3, TRAF3 or TRAF6 after ligand stimulation (Supplementary information, Figure S4C-S4D) . These results suggest that USP3 specifically interacts with active form of RIG-I or MDA5.
To determine the physiological relevance of these findings, we treated the THP-1 cells with intracellular poly(I:C) (LMW, HMW), poly(dA:dT) or infected the THP-1 cells with VSV-eGFP, and then collected cells at various time points. Immunoprecipitation and western blot analyses revealed that USP3 did not interact with either RIG-I or MDA5 in unstimulated THP-1 cells. However, USP3 strongly interacted with RIG-I, but only weakly interacted with MDA5, after Poly(I:C) (LMW) treatment or VSV-eGFP infection ( Figure 4B ). Conversely, poly(I:C) (HMW) treatment induced the strong interaction of USP3 with MDA5, but little with RIG-I ( Figure  4B ). We only observed a weak interaction between USP3 and RIG-I, but no interaction between USP3 and MDA5 after poly(dA:dT) stimulation (Supplementary information, Figure S4E ), simply because poly(dA:dT) treatment mainly activates DDX41-and IFI16-mediated pathway in THP-1 cells [9, 10] . To further assess whether USP3 interacts with RLRs in primary cells, we freshly isolated PBMCs and then infected them with VSV-eGFP. We found that USP3 interacted with RIG-I, but not with MDA5 in PBMCs 8 h post VSV-eGFP infection ( Figure  4C ). Taken together, these results indicate that USP3 interacts with RIG-I or MDA5 in a ligand-dependent manner.
To identify the domain of RLRs responsible for interaction with USP3, we generated full-length RIG-I, RIG-I (N) and RIG-I without CARD (RIG-I-∆N) and tested their ability to interact with USP3 ( Figure 4D ). We found that USP3 had weak interaction with full-length RIG-I, strong interaction with RIG-I (N), but no interaction with RIG-I(∆N) ( Figure 4D ). Similar results were obtained with MDA5, showing that USP3 weakly interacted with full-length MDA5 and strongly interacted with MDA5 (N), but not with other MDA5 mutants ( Figure 4E ). Thus, specific interaction of USP3 with the CARD of RIG-I (i.e., RIG-I (N)) or MDA5 (i.e., MDA5 (N)) is consistent with functional inhibition results shown in Figure 3A and 3B, indicating that USP3 specifically binds to the CARD of RLRs only when they are exposed.
USP3 deubiquitinates K63-linked polyubiquitin chains on RIG-I
As it is known that K63-linked ubiquitination of RIG-I is essential for its activation to trigger the production of type I IFNs [2] , we next asked whether USP3 has deubiquitinating enzymatic activity on RIG-I ubiquitination. Coimmunoprecipitation and immunoblot analysis showed that overexpression of USP3 potently inhibited total ubiquitination and K63-linked ubiquitination of RIG-I (N), but has little or no effects on the K48-linked ubiquitination of RIG-I (N) ( Figure 5A ( Figure 5C ). Similar inhibitory effects of USP3 expression on MDA5 ubiquitination were observed when MDA5 and its ligand were tested (Supplementary information, Figure S5C -S5D). We did not observe any effect of USP3 expression on ubiquitination of MAVS, TBK1, TRAF3 or IRF3 (Supplementary information, Figure  S5E ). These results suggest that USP3 specifically inhibits K63-linked polyubiquitination of RLRs after ligand stimulation.
To substantiate these findings, we knocked down endogenous USP3 in THP-1 cells and assessed RIG-I ubiquitination after viral infection. In cells transfected with USP3 siRNA, we observed increased K63-linked polyubiquitination of RIG-I (but not K48-linked RIG-409 npg I polyubiquitination), compared with cells transfected with control siRNA after viral infection ( Figure 5D and Supplementary information, Figure S5F ). Interestingly, increased K63-linked ubiquitination of RIG-I was correlated with enhanced phosphorylation of IRF3 ( Figure  5D ). In addition, knockdown of USP3 also enhanced ubiquitination of MDA5 after intracellular poly(I:C) treatment in THP-1 cells (Supplementary information, Figure S5G ). To test whether USP3 can directly deubiquitinate K63-ubiqutinated RIG-I or MDA5, we determined the activity of purified USP3 protein on ubiquitinated RIG-I or MDA5 in vitro. As shown in Figure 5E and Supplementary information, Figure S5H , the co-incubation of ubiquitinated RIG-I or MDA5 with the purified USP3 protein reduced the levels of polyubiquitin chains on RIG-I or MDA5. Taken together, these data suggest that USP3 directly cleaves K63-linked polyubiquitin chains on RLRs and thus inhibits IFN-β signaling.
Both zinc-finger Ub-binding and USP catalytic domains of USP3 are required for its deubiquitinating activity
USP3 contains two conserved protein domains: a zincfinger Ub-binding domain (ZnF-UBP) and a catalytic domain of the Ub-specific protease (USP) class [23] . To identify which domain of USP3 is responsible for RLR deubiquitination, we generated two deletion mutants containing the ZnF-UBP domain (ZnF) or USP catalytic domain (UCH) of USP3, and assessed their ability to inhibit RIG-I-induced signaling pathway ( Figure 6A ). Like full-length USP3, USP3 (UCH) interacted with RIG-I (N) and MDA5 (N), but USP3 (ZnF) failed to do so ( Figure 6B ). However, USP3 (UCH) showed only partial inhibitory effect on ISRE-luc activation, compared with full-length USP3, which strongly inhibited RIG-I (N)-induced activity of ISRE-luc reporter ( Figure 6C ). USP3 (ZnF) did not have any inhibitory effect on RIG-I (N)-induced ISRE-luc activation ( Figure 6C ). Consistent with these results, we found that USP3 (ZnF) could not block RIG-I (N) ubiquitination, while USP3 (UCH) only partially blocked RIG-I (N) ubiquitination, compared to full-length USP3 (Supplementary information, Figure  S6A ). These results suggest that although ZnF domain of USP3 itself cannot inhibit RIG-I-induced type I IFN activation, it may be required for the UCH domain to achieve the maximal catalytic activity.
To further investigate whether both ZnF domain and UCH domain of USP3 are required for the inhibitory function of USP3, we substituted a serine residue for cysteine within USP3 catalytic domain (C168S), thus generating an inactive USP3 mutant, while substitution of the conserved histidine residue with alanine at position 56 within the ZnF domain (H56A) gave rise to a USP3 mutant with disrupted ZnF structure. In vitro ubiquitination assay showed that neither USP3 (C168S) mutant nor USP3 (H56A) mutant removed the K63-linked polyubiquitin chain from RIG-I ( Figure 6D ), indicating that both intact ZnF and catalytic domains are required for RIG-I deubiquitination. To further determine whether USP3 (C168S) and USP3 (H56A) mutants affect the inhibitory function of USP3 on type I IFN signaling, we performed ISRE-luc assays and found that both mutations abrogated the ability of USP3 to inhibit ISRE-luc activity induced by intracellular poly(I:C) (LMW or HMW) treatment as well as by the ectopic expression of RIG-I (N) or MDA5 (N) (Figure 6E and 6F) . Combined mutations of these two amino acids had the same effect on ISRE-luc activity as their single-mutation constructs (Supplementary information, Figure S6B ). Interestingly, overexpression of these USP3 mutants could block the inhibitory function of wild-type (WT) USP3 (Supplementary information, Figure S6C ). In addition, USP3 (C168S) mutant inhibited USP3-mediated deubiquitination of RIG-I (Supplementary information, Figure S6D ). Taken together, these results suggest that both cysteine 168 and histidine 56 of USP3 are essential for its deubiquitinating activity.
USP3 specifically binds to the ubiquitinated RIG-I and cleaves polyubiquitin chains
To understand the molecular mechanisms by which USP3 binds to the activated form of RIG-I and inhibits type I IFN signaling, we reasoned that USP3 might bind to RIG-I through K63-linked polyubiquitin chains. To test this hypothesis, we performed immunoprecipitation and immunoblot analyses and found that the K63-linked ubiquitination of RIG-I (N) was much stronger in the cells expressing USP3 (C168S) or USP3 (H56A) mutant than in cells expressing WT USP3 ( Figure 7A and Supplementary information, Figure S7A ). More importantly, immunoprecipitation of Flag-tagged RIG-I (N) with antiFlag and immunoblot analysis of Myc-tagged USP3 WT and mutants with anti-Myc revealed that interaction of RIG-I (N) with USP3 (C168S) or USP3 (H56A) was much stronger than with WT USP3 ( Figure 7A ). The correlation between RIG-I (N) ubiquitination and interaction of USP3 as well as its mutants with RIG-I (N) suggest that USP3 may only interact with the ubiquitinated RIG-I. To test this hypothesis, we generate K172R mutant of RIG-I, which could abrogate the majority of K63-linked ubiquitination of RIG-I [21] . We co-transfected the 293T cells with vectors for HA-K63-Ub, Flag-RIG-I or Flag-RIG-I (K172R), together with or without Myc-USP3, and then treated the cells with intracellular poly(I:C) (LMW). As expected, WT RIG-I underwent heavy K63-linked ubiquitination after poly(I:C) stimulation, and USP3 in- teracted with WT RIG-I to inhibit its polyubiquitination ( Figure 7B ). By contrast, RIG-I (K172R) mutant could not be ubiquitinated after stimulation. There was no detectable interaction between USP3 and RIG-I (K172R) ( Figure 7B ). As there are many signaling proteins, such as TRAF3 and TRAF6 that undergo robust K63-linked ubiquitination after TLR stimulation, we further investigated whether USP3 interacts with the K63-linked polyubiquitin chains of other proteins. We found that although TRAF3 and TRAF6 are heavily ubiquitinated with a K63 linkage, USP3 could not bind to K63-ubiquitinated TRAF3 or TRAF6 (Supplementary information, Figure  S7B ), suggesting that USP3 only interacts with the K63-ubiquitinated RIG-I.
To determine whether the interaction between USP3 and RIG-I was solely dependent on the ubiquitination status of RIG-I, we generated two RIG-I (N) mutants and predicted on the basis of previous study [34] that substitution of Lys172 with arginine residue (K172R) of RIG-I (N) could abrogate the K63-linked ubiquitination of RIG-I protein, while substitution of Asp122 with alanine (D122A) of RIG-I (N) does not affect the ubiquitination of RIG-I, but inhibits type I IFN activation by blocking the interaction between RIG-I and MAVS ( Figure 7C ). Indeed, we found that neither K172R nor D122A mutants of RIG-I (N) could activate downstream type I IFN signaling ( Figure 7D ). USP3 could not interact with RIG-I (K172R), which was weakly ubiquitinated. By contrast, USP3 could still strongly interact with RIG-I (D122A) mutants, which was heavily ubiquitinated, although it failed to activate MAVS and type I IFN signaling ( Figure  7E ). Taken together, these results suggested that USP3 interacts with ubiquitinated RIG-I, regardless of its ability to activate type I IFN signaling.
During our experiments, we consistently observed that the interaction of RIG-I with USP3 inactive mutants (C168S or H56A) is much stronger than its interaction with WT USP3. One plausible explanation is that WT USP3 may remove the polyubiquitin chains on RIG-I in a 'cut and run' manner, while its inactive mutants cannot remove polyubiquitin chains and lock on the polyubiquitin chains of RIG-I. To test this hypothesis, we co-transfected 293T cells with vectors for HA-K63-Ub, Flag-RIG-I (N) and increasing amounts of Myc-USP3. Coimmunoprecipitation and immunoblot analyses showed that when the amounts of polyubiquitin chains on RIG-I (N) were decreased with increasing amount of USP3, the interaction between USP3 and RIG-I (N) was also reduced ( Figure 7F ). Similar results were obtained with USP3 and MDA5 (Supplementary information, Figure S7C ), suggesting that once USP3 removes the polyubiquitin chains, it cannot bind to RIG-I or MDA5 protein any more.
Discussion
Because of the importance of type I IFN signaling pathway, it must be tightly regulated to maintain the balance between immunity and tolerance; otherwise, aberrant immune responses may occur, leading to severe or even fatal bacterial sepsis, autoimmune and chronic inflammatory diseases [13, 24] . For this reason, many negative regulators have been identified to dampen type I IFN signaling through targeting different signaling molecules in the type I IFN signaling pathway. For example, NLRC5 and NLRX1 directly interact with RIG-I/MDA5 or MAVS to inhibit type I IFN signaling pathway [25] [26] [27] [28] . PSMA7 and PCBP2/AIP4 inhibit type I IFN signaling by targeting MAVS for ubiquitination and degradation [29, 30] . Similarly, NLRP4 inhibits type I IFN signaling by targeting TBK1 for ubiquitination and degradation via a ubiquitin E3 ligase DTX4 [31] . Recently, several structural studies show that the activation of RIG-I is a two-step process and is tightly regulated through conformational changes [18, 19, 32] . In the absence of RNA ligand, RIG-I is in an autorepressed state. Upon RNA binding, RIG-I undergoes conformational changes to expose the CARD. Once the exposed CARD undergoes [34] . Therefore, it is possible that USP3 may bind to MDA5 with polyubiquitin chains without covalent linkage (unanchored) and then degrade polyubiquitin chains.
Although several DUBs, including A20 and CYLD, have been found to be involved in RIG-I-mediated type I IFN signaling, they are not specific for RIG-I. For example, A20 negatively regulates type I IFN signaling through a mechanism independent of its DUB enzyme activity [35] . CYLD can also inhibit type I IFN activation and remove the polyubiquitin chains from RIG-I, TBK1 and IKKi [36] . Indeed, our study shows that CYLD could inhibit type I IFN signaling activated by RIG-I and MAVS, whereas USP3 only inhibited type I IFN signaling induced by RIG-I, but not by MAVS, suggesting that USP3 specifically inhibit type I IFN signaling through RIG-I deubiquitination. To determine the specificity of USP3, we have provided several lines of evidence that USP3 specifically targets to the ubiquitinated RIG-I with a K63 linkage: (1) USP3 specially interacts with the active form of RIG-I or MDA5, but not downstream components MAVS, TRAF3, TRAF6, TBK1, IKKi or IRF3; (2) USP3 directly interacts with the CARD of RIG-I or MDA5; (3) endogenous USP3 interacts with RIG-I or MDA5 in a signal-dependent manner (only after ligand stimulation); (4) the intensity of the USP3-RLR interaction is correlated with the K63-linked ubiquitination of RLRs; and (5) USP3 failed to interact with RIG-I mutants that lose K63-linked polyubiquitination.
Our results demonstrate that USP3 can directly cleave the K63-linked polyubiquitin chains but not K48-linked polyubiquitin chains from RIG-I upon ligand stimulation or viral infection. Both ZnF-UBP domain and UCH domain of USP3 are critically required for its enzyme activity. The UCH domain of USP3 itself can interact with RIG-I, but its enzyme activity is much lower than full-length USP3, indicating that ZnF-UBP domain is also important for USP3 function. Although ZnF-UBP domain of USP3 cannot directly interact with RIG-I, the ZnF structure of this domain is essential to maintain the deubiquitinase activity of USP3. H56A mutant of USP3, which destroyed the ZnF structure, lost all of its enzyme activity as the inactive mutant of USP3 (C168S). Based on these experimental data, we propose a working model to illustrate how USP3 could negatively regulate RIG-Imediated type I IFN signaling (Supplementary information, Figure S7D ). After viral infection, RIG-I first recognizes viral RNA and exposes its CARD, and then undergoes K63-linked ubiquitination through E3 ubiquitin ligases such as TRIM25, or directly binds to unanchored ubiquitin chains to become active. The activated RIG-I in turn interacts with MAVS to trigger downstream signaling. Once RIG-I is activated (ubiquitinated), USP3 specifically binds to RIG-I and cleaves the K63-linked polyubiquitin chains, thus converting active RIG-I into its inactive form. Although USP3 mutant can still bind to ubiquitinated RIG-I, it fails to cleave the polyubiquitin chains, resulting in a stable USP3-ubiquitinated-RIG-I complex, which have negative-dominant inhibitory effect on WT USP3. There are several mechanisms operating in the cell to dampen RLR-mediated type I IFN signaling. For example, RNF125 inhibits type I IFN signaling by targeting RIG-I and MDA5 for degradation through K48-linked ubiquitination [37] . More recently, Siglec-G, a member of lectin family, has been identified to recruit SHP2 and the E3 ubiquitin ligase c-Cbl to RIG-I, resulting in RIG-I degradation via K48-linked ubiquitination [38] . In contrast, USP17 (also known as DUB3) has been identified to remove the K48-linked ubiquitin chains on RIG-I and MDA5, and promote virus-triggered signaling [39] . Thus, multiple negative regulatory mechanisms are exploited to tightly control type I IFN signaling.
In conclusion, we identify a previously unrecognized role of USP3 in the negative regulation of type I IFN signaling and antiviral immunity. USP3 specifically binds to ubiquitinated RLRs through the CARD and then cleaves the polyubiquitin chains. Our findings provide insights into the molecular mechanisms by which USP3 negatively regulates type I IFN signaling and thus plays a critical role in maintaining the balance between innate immune response and tolerance. 
Materials and Methods
Cell culture and reagents
HEK293T and THP-1cells (American Type Culture Collection) were maintained in DMEM (Mediatech) or RPMI-1640 medium (Invitrogen) containing 10% heat-inactivated FCS. Buffy coats of blood from healthy donors (from the Gulf Coast Regional Blood Center) were used for isolation of PBMCs by density-gradient centrifugation with Lymphoprep (Nycomed Pharm). The use of PBMCs was in accordance with institutional guidelines and approved protocols by The Methodist Hospital Research Institute. Poly(I:C) (HMW), poly(I:C) (LMW) and poly(dA:dT) were purchased from Invivogen.
Antibodies
Anti-USP3 (sc-79318), anti-IRF3 (sc-9082) and anti-ubiquitin (sc-8017) were purchased from Santa Cruz Biotechnology; horseradish peroxidase(HRP)-anti-Flag (M2) (A8592) and anti-β-actin (A1978) were purchased from Sigma; HRP-antihemagglutinin (clone 3F10), anti-c-Myc-HRP (11814150001) and unlabeled anti-c-Myc (11667203001) were purchased from Roche Applied Science. Antibody to IRF3 phosphorylated at Ser396 (4947), anti-K63-ubiquitin (5621), anti-K48-ubiquitin (4289), anti-RIG-I (3743 and 4200) and anti-MDA5 (5321) were from Cell Signaling Technology. Cells were collected at 24-36 h after transfection and luciferase activity was measured with a Dual-Luciferase Assay (Promega) with a Luminoskan Ascent luminometer (Thermo Scientific) according to the manufacturer's protocol. Reporter gene activity was determined by normalization of the firefly luciferase activity to renilla luciferase activity. An Amaxa nucleofector kit V was used according to the manufacturer's protocols (Lonza Amaxa) for transfection of plasmids or siRNAs into THP-1 cells.
Transfection and reporter assays
Immunoprecipitation and immunoblot analysis
For immunoprecipitation, whole-cell extracts were prepared after transfection or stimulation with appropriate ligands, followed by incubation overnight with the appropriate antibodies plus Protein A/G beads (Pierce). For immunoprecipitation with anti-Flag or anti-hemagglutinin, anti-Flag or anti-hemagglutinin agarose gels (Sigma) were used. Beads were then washed five times with low-salt lysis buffer, and immunoprecipitates were eluted with 3× SDS Loading Buffer (Cell Signaling Technology) and resolved by SDS-PAGE. Proteins were transferred to nitrocellulose membranes (Bio-Rad) and further incubated with the appropriate antibodies. LumiGlo Chemiluminescent Substrate System (KPL) was used for protein detection.
In vitro deubiquitination assay
